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We argue that supersymmetric flat direction vevs can decay non-perturbatively via preheating.
Considering the case of a single flat direction, we explicitly calculate the scalar potential in the
unitary gauge for a U(1) theory and show that the mass matrix for excitations around the flat
direction has non-diagonal entries which vary with the phase of the flat direction vev. Furthermore,
this mass matrix has 2 zero eigenvalues (associated with the excitations along the flat direction)
whose eigenstates change with time. We show that these 2 light degrees of freedom are produced
copiously in the non-perturbative decay of the flat direction vev. We also comment on the application
of these results to the MSSM flat direction HuL.
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INTRODUCTION
The scalar potential of the Minimal Supersymmetric
Standard Model (MSSM) possesses a large number of
F- and D-flat directions along which the scalar potential
nearly vanishes [1, 2]. These flat directions can have im-
portant cosmological consequences, including the genera-
tion of the baryon asymmetry of the Universe through the
out-of-equilibrium CP violating decay of coherent field
oscillations along the flat directions themselves [3, 4, 5].
Recently, much interest has focused on the cosmologi-
cal fate of flat direction vevs. In particular, it has been
argued [6] that in realistic supersymmetric models, large
flat direction vevs can persist long enough to delay ther-
malization after inflation and therefore lead to low re-
heat temperatures. Furthermore, it has also been as-
serted [7] that large flat direction vevs can prevent non-
perturbative parametric resonant decay (preheating) of
the inflaton since the inflaton decay products become suf-
ficiently massive and thus prevent preheating from ever
becoming efficient. The above arguments hold so long as
the flat direction vevs do not rapidly decay – they must
persist long enough so that they can delay thermaliza-
tion and block inflaton preheating. In [8] it was claimed
that non-perturbative decay can lead to a rapid deple-
tion of the flat direction condensate and thus precludes
the delay of thermalization after inflation. It was also
concluded that in order for the flat direction to decay
non-perturbatively the system requires more than one
flat direction with some degree of fine tuning [8, 9].
The most germane aspect of this discussion centers
on the issue of Nambu-Goldstone (NG) bosons. In gen-
eral, supersymmetric flat directions are charged under
the gauge group of the MSSM. Consequently, the flat di-
rection vev will break some or all of the gauge symmetries
of the theory and thus we expect the presence of asso-
ciated NG bosons. In calculating non-perturbative flat
direction decays, [8] considers a gauged U(1) model and
constructs the mixing matrix for the excitations around
the flat direction vev. The results in [8] show that in
the single flat direction case, non-perturbative decay pro-
ceeds solely via a massless NG mode as only the NGmode
mixes with the Higgs and all other massless moduli re-
main decoupled. Since the NG boson represents an un-
physical gauge degree of freedom, it was concluded [8, 9]
that no preheating occurs in the single flat direction case.
As the appearance of a massless NG boson in the spec-
trum is a gauge dependent artifact, it remains unclear
if the conclusions drawn about the system holds in the
unitary gauge. In order to determine if non-perturbative
flat direction vevs decay into scalar degrees of freedom,
the effect of the NG boson mixing in the scalar poten-
tial must first be removed. The process of removing the
NG modes by switching to the unitary gauge changes the
form of the mixing matrix among the left over scalar de-
grees of freedom. The resulting form of the mass matrix
in principle can permit non-perturbative decay.
In this letter we demonstrate that, in the unitary
gauge, the mixing matrix of the excitations around the
flat direction vev permits preheating with a single flat di-
rection. In particular, the moduli of the flat direction al-
ways remain light (as compared to the flat direction vev)
and will in principle possess time dependent eigenstates,
thereby satisfying the necessary (but not sufficient) con-
dition for preheating. The outline of the rest of this let-
ter proceeds as follows: firstly we explicitly construct –
in the unitary gauge – the mass squared matrix arising
from the D-terms of a toy gauged U(1) model with two
charged chiral superfields. We then present the formal-
ism of preheating with multi-component fields and show
that preheating occurs for the light moduli associated
with the flat direction. We also comment on the appli-
cations to a realistic flat direction, namely HuL. Lastly,
we conclude with a summary of our findings.
TOY MODEL: GAUGED U(1)
Firstly, we wish to examine a toy model which demon-
strates the most important features of single supersym-
metric flat direction vev decay. Following the example of
[8], we introduce two complex scalar superfields, Φ1 and
Φ2 charged under a U(1) gauge group with charges +1/2
and −1/2 respectively. The potential we consider arises




(|Φ1|2 − |Φ2|2)2, (1)
where g denotes the gauge coupling associated with the
U(1) gauge symmetry. We have neglected all contribu-
tions from supersymmetry breaking and from any terms
arising from the superpotential. These terms are only
significant in the computation of the evolution of the flat
direction vev, see [10, 11].
The potential in eq.1 admits a flat direction defined
by,
〈Φ1Φ2〉 = ϕ2eiσ, (2)
where ϕ and σ are real and time dependent. Note that in
this example the two chiral superfields contain two com-
plex scalar degrees of freedom. The flat direction vev
breaks the U(1) symmetry yielding one massive Higgs
field and one NG boson, leaving two massless scalar de-
grees of freedom.
In order to find the mass matrix with the physical de-
grees of freedom, we expand the excitations of the fields
around their background values in the unitary gauge a`
la Kibble [12]. An appropriate form which still obeys
D-flatness is given by,
Φ1 = ϕ+ ξ1
Φ2 = ϕe
iσ + ξ2 + iξ3. (3)
The scalar potential now appears with three physical
scalar degrees of freedom with the NG boson associated
with the broken U(1) removed. Substituting these forms




(ξ1 − ξ2 cosσ − ξ3 sinσ)2, (4)














 1 − cosσ − sinσ− cosσ cos2 σ cosσ sinσ
− sinσ cosσ sinσ sin2 σ

 . (6)





M23 = 0. M1 corresponds to the mass of the physical
Higgs particle associated with the spontaneous break-
ing of the U(1) symmetry, while the two zero eigenvalue
states correspond to the excitations around the flat direc-
tion vev parameterizing the flat direction moduli space.




( −1, cosσ, sinσ ) ,
ξˆ2 =
(








where ξˆi has mass Mi.
We should note at this point that if we include contri-
butions arising from the kinetic terms, we will generate
extra mass terms which mix the scalar fields with the
massive gauge boson. In the limit where σ˙ ≪ ϕ and
ϕ˙≪ ϕ2, these mass terms are negligible compared to the
large mass of the gauge boson (which is proportional to
ϕ) and consequently the gauge boson decouples from the
scalar sector and can be ignored in this analysis.
The central point of this discussion is the appearance
of time dependent eigenvectors for the 2 remaining light
fields. Furthermore, these light states are produced dur-
ing preheating. In the next section, we demonstrate the
effect of preheating following the analysis in [13].
NON-PERTURBATIVE PRODUCTION OF
PARTICLES
Taking gravity into account, the dynamics of the re-
scaled conformally coupled scalar fields, χi = aξi, where
a denotes the scale factor, is governed by the following




ij(t)χj = 0 (8)
where t is conformal time and
Ω2ij = a
2M2ij + k2δij , (9)
where k labels the comoving momentum. Using an or-
thogonal time-dependent matrix C(t), we can diagonalize
Ωij via C
T (t)Ω2(t)C(t) = ω2(t), giving the diagonal en-
tries ω2j (t). Terms such as ∼ ϕσ˙χ˙ arising from the kinetic
part of the Lagragian do not affect the evolution of the
non-zero k quantum modes [14].
Once we have identified the basis in which the Hamilto-
nian appears diagonal (via the orthogonal matrix C(t)),
the study of particle creation by the time-varying back-
ground proceeds as [13, 15], which extends the results of
[16]. Following [13], we assume that Ωij initially evolves
adiabatically which we can do if we assume the initial
angular motion of the flat-direction is very slow allowing
us to define adiabatically evolving mode functions with
positive and negative frequency. We rewrite the quan-
tum fields as mode expansions in terms of these mode
functions and their associated creation/annihilation op-
erators which allows us to define the initial vacuum. Dur-
ing the evolution, the entries of Ωij are no longer as-
sumed to change adiabatically and consequently we must
find new mode functions that satisfy eq.8. A new set
of creation/annihilation operators required to define the
new vacuum can be related to the initial set using a Bo-
golyubov transformation with Bogolyubov coefficients α
and β which are matrices in the multi-field case.
Initially α = I and β = 0 while the coupled differential
equations (matrix multiplication is implied):
α˙ = −iωα+ ω˙
2ω




α+ iωβ − Jα− Iβ (10)
3govern the system’s time evolution with the matrices I






























Dots represent derivatives with respect to conformal
time. Similarly to the single-field case it can be shown
[13] that at any generic time the occupation number of
the ith bosonic eigenstate reads,
ni(t) = (β
∗βT )ii. (13)
As pointed out in [8, 13], there are two sources of non-
adiabaticity in the multi-field scenario. The first source
arises from the individual frequency time dependence and
appears as the only source of non-adiabaticity in the sin-
gle field case. The second source appears from the time
dependence of the frequency matrix Ωij giving rise to
terms in eq.10 proportional to I and J. This second source
provides the most important contribution in our analysis
and gives rise to non-perturbative particle production.
NUMERICAL ANALYSIS







(φ4 + h.c.), (14)
to calculate the classical evolution of the flat direc-
tion vev, φ, and analyze particle production in a self-
consistent background for the U(1) model described
above. In eq.14, mφ denotes a supersymmetry breaking
mass term (∼ TeV) and λ (arising from loop effects) is ex-
pected to be on the order of ∼ g4m2φ/ϕ20 [3] (ϕ0 denotes
the time-independent initial value of the flat direction
vev). Measuring the conformal time in units of τ → fτ

















F 3 cos (4σ) = 0, (15)






F 2 sin(4σ) = 0, (16)
which describe the motion of the flat direction vev; µ =
























where ρψ is the energy density of the inflaton field, and
fp = ϕ0/Mpl is set to fp = 0.1 in our numerics. We also
take µ = 10−2 and λ = µ2 for computational ease. As
initial conditions we take F = 1, σ = 0.1, σ′ = 0, a = 1
and φ′ = 0. Using the rescaled Hubble parameter H ≡
fh as in [8], we define the initial conditions of F ′ and a′
through hi = Fµ where hi denotes the Hubble parameter
after inflation. We take F = 102 for illustrative purposes.














FIG. 1: Occupation numbers as a function of dimensionless
conformal time, obtained using eq.13 after numerically inte-
grating the background field equations and Bogolyubov ma-
trices; k = 10−6, µ = 10−2,F = 102. The solid line and the
dashed-dotted line distinguish the two massless modes.
Initially the flat direction vev corresponds to a con-
densate of coherent particles with vanishing momentum.
The motion of this vev, described by eq.15 and eq.16,
and the interactions described in the previous section,
cause the rapid decay of this condensate into a decoher-
ent state of particles. FIG. 1 shows the occupation num-
bers, ni(t), of these light particles as a function of con-
formal time: the exponential growth of these functions
signals the exponentially fast decay of the flat-direction
vev. The resulting decoherent spectrum of light parti-
cles is shown in FIG. 2 as a function of the comoving
momentum. Production of higher momentum modes is
kinematically suppressed.














FIG. 2: Occupation number as function of the (scaled) co-
moving momentum; µ = 10−2,F = 102 for dimensionless
conformal time τ = 150(blue), 300(red). The solid line and
the dashed-dotted line distinguish the two massless modes.
4REALISTIC EXAMPLE: HuL
The flat direction HuL presents an interesting exam-
ple as it carries net B − L, thus its decay can lead to
Aﬄeck-Dine leptogenesis [3, 5, 17]. Ignoring contribu-
tions from supersymmetry breaking and the superpoten-


















where g1 and g2 are the gauge couplings associated with
the U(1)Y and SU(2)L gauge symmetries respectively,
and τa = σa/2 where σa denote the Pauli matrices. The
index a is summed over the three generators of SU(2)L.
The Roman numeral indices label the components of each
SU(2) doublet and again are summed over. The HuL flat
direction can be defined as
〈HuL〉 = ϕ2eiσ. (17)
The chiral superfields contain four complex scalar fields
and since the symmetry breaking appears as SU(2)L ×
U(1)Y → U(1)em, the resulting degrees of freedom are:
three NG bosons, three massive Higgs fields, and two
massless scalar fields.
We can expand the fields about their background val-
ues following Kibble [12] and, after imposing D-flatness







































 1 − cosσ − sinσ− cosσ cos2 σ cosσ sinσ
− sinσ cosσ sinσ sin2 σ

 .







M22 = 0, M
2







with eq.6 shows that the mixing in this case appears ex-
actly as the gauged U(1) example considered above with
the sole addition of two unmixed massive Higgs states.
Thus, the flat-direction HuL undergoes resonant decay.
CONCLUSIONS
The cosmological fate of flat directions provide a ma-
jor ingredient for the history of the early Universe. Flat
directions can provide mechanisms for generating the
baryon asymmetry of the Universe and can play an im-
portant role in reheating after inflation. Contrary to
claims that single supersymmmetric flat direction vevs
cannot decay non-perturbatively [8, 9], we have shown
explicitly that preheating can occur with a single flat
direction. Our analysis stresses the use of the unitary
gauge in which the physical content of the theory be-
comes manifest. By transforming to the unitary gauge,
complications arising from massless NG modes in the
mixing of the excitations around the flat direction vev
vanish. The mixing matrix in this gauge defines the mass
eigenstates of the physical scalar fields and determines if
non-perturbative decay occurs. Since the mass matrix in
the unitary gauge contains time dependent mixing among
all fields, the necessary conditions for preheating are sat-
isfied.
We also show that preheating appears in the more real-
istic flat direction case ofHuL. Moreover, we expect that
once the NG modes associated with any supersymmetric
flat direction are removed, and a consistent unitary gauge
calculation of the mixing matrix is carried out, preheat-
ing will appear as a generic feature.
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